The characteristics of an APLF80+ 3Ce scintillator are presented. Its sufficiently fast decay profile, low afterglow, and an improved light output compared to the recently developed APLF80+ 3Pr, were experimentally demonstrated. This scintillator material holds promise for applications in neutron imaging diagnostics at the energy regions of 0.27 MeV of DD fusion down-scattered neutron peak at the world's largest inertial confinement fusion facilities such as the National Ignition Facility and the Laser Mégajoule.
In inertial confinement fusion ͑ICF͒ research, especially in ignition experiments at the National Ignition Facility ͑NIF͒, the world's largest ICF facility, 1 down-scattered neutron diagnostics is one of the most preferred methods in investigating the fusion core plasma areal density and the Refs. 2-4. Moreover, the asymmetry of the core shape can be also observed from an image of the down-scattered neutrons. 5 Thus, the study of down-scattered neutrons is an indispensable tool in further improving ICF implosion physics. 6 Li glass scintillator has been pointed out as a promising device for observing lower edge of the down-scattered neutron in deuterium-deuterium fusion. 2, 6 Quite recently, we have developed a fast response, praseodymium ͑Pr͒ doped 6 Li scintillator named APLF80+ 3Pr, with a decay constant of 6 ns as the optimized scintillator for down-scattered neutron diagnostics. 6, 7 However, its drawback is that the light output was very low ͑about 110 photons per thermal neutron͒. Neutron imaging measurements in large fusion facilities such as the NIF necessitate the use of scintillators with high light output and a low afterglow; rather than fast response detectors but with low photon conversion efficiencies. 5 In this work, a Ce-doped 6 LiF glass scintillator ͑APLF80+ 3Ce͒, having a lower afterglow than conventional 6 Li glass scintillators, and a higher light output than the Prdoped APLF80, was developed. Former researches have shown the emission from Ce ͑3+͒ in fluoride glass or crystal appears shorter ͑around 340 nm͒ compared to that of in oxide glass or crystals ͑around 400 nm͒. [8] [9] [10] [11] Since the decay time constant is proportional to 3 , 12 about 60% of the decay time improvement is to be expected for the APLF80+ 3Ce. The host glass composition and melting condition is the same as that of APLF80+ 3Pr. 7 In this case, however, CeF 3 was used as the doping source instead of PrF 3 . The photoluminescence peak of the APLF80+ 3Ce was measured to be 340 nm; much shorter than that of the GS2 at 390 nm. 13, 14 The decay profiles of APLF80+ 3Ce using various excitation sources were measured in comparison with other scintillator materials. Figure 1 shows the decay profiles using a streak camera for the APLF80+ 1Pr, APLF80+ 3Ce, and GS2, respectively. An ultrashort uv light pulse from the fourth and third harmonics of a Ti:sapphire laser was used as the excitation sources for the APLF80+ 1Pr, and the APLF80+ 3Ce and GS2, respectively. The streak camera images were averaged over 50 000 times. The measured decay time for the APLF80+ 1Pr is 19.6 ns while that of the APLF80+ 3Ce is 23.3 ns determined by fitting a single exponential line in the 50%-10% intensity region. In general, scintillation decay constant consists of two or more different decay constants, so we chose the appropriate limit of the fitting region.
14 The GS2 exhibited a much longer decay time at 38.1 ns. The decay time for the APLF80+ 3Ce sample is comparable to the APLF80+ 1Pr for uv excitation. Additionally, the decay constant of APLF80+ 3Pr, APLF80+ 3Ce, and GS2 for various radioactive excitation sources such as 5. Am source is too large to be situated elsewhere and the very short penetration depth of alpha particles does not permit to put it outside. For these plots, the decay constant was determined by fitting a single exponential line in the 30%-10% intensity region for 241 Am plot, and 50%-10% for intensity region for the others of the averaged decay profiles. In 241 Am plot, a small inflection at 6 ns was seen. Since 241 Am experiment could not completely remove the inclusion of the dark-counts from the photomultiplier tube ͑PMT͒ itself, the averaged profile might be affected due to PMT dark-counts. As such, so we chose the 30%-10% limited fitting. 60 Co excitation case in Fig. 2͑b͒ , the samples were coupled between two photomultipliers in coincidence geometry as shown in the inset. For this, a 4.67 kBq 60 Co source was used. Lastly, in the 252 Cf excitation case, two photomultipliers were used in the same manner as in Fig. 2͑b͒ and a 1 cm thick lead was also inserted in order to decrease the spontaneous gamma emission from 252 Cf; wherein 5.4 kBq of 252 Cf source was used. A summary of the measured decay constants for all the excitation sources that were investigated appears in Table I . Results show the APLF80+ 3Pr scintillator exhibited the fastest decay profile regardless of the excitation; even for the case of uv excitation wherein the APLF80+ 3Pr showed the slowest response. The GS2 scintillator, on the other hand, was the slowest of the three scintillators studied in this work. Moreover, it was shown to have a ϳ214 ns afterglow for 241 Am excitation and this is a huge disadvantage for applications where scintillator response time is crucial. In contrast, the APLF80+ 3Ce sample exhibited a sufficiently low afterglow for all the types of excitation sources that were investigated. Even though the APLF80 FIG. 1 . ͑Color online͒ Decay profiles of APLF80+ 1Pr and APLF80+ 3Ce and GS2 excited by uv ultrashort pulses.
FIG. 2. ͑Color online͒
The normalized decay profiles of the APLF80+ 3Pr and APLF80+ 3Ce, and GS2 excited by ͑a͒ alpha, ͑b͒ gamma, and ͑c͒ neutron. Comparison shows that the APLF samples are superior to the GS2 scintillator in terms of decay time. Although slower than the APLF80+ 3Pr, the APLF80+ 3Ce material's decay profile is comparable; especially for ultrafast uv excitation. + 3Pr consistently showed the best decay characteristics, the APLF80+ 3Ce sample's decay time was sufficiently fast compared to conventional Ce-doped 6 Li glass scintillators. Another important aspect that was investigated in this work is the light output of the scintillator materials. The absolute light outputs of APLF80+ 3Pr, APLF80+ 3Ce, and GS2 using thermal neutron excitation are measured. The light output was observed using 46 GBq ͑about 2.5 ϫ 10 6 neutrons/ s͒ of a 241
Am -Be neutron source with 20 cm of paraffin neutron moderator. The size of the samples were 25 mm ϫ 10 mm for the APLF80+ 3Pr and APLF80+ 3Ce, and 25 mm ϫ 1 mm t for GS2. The surfaces of the samples were optically coupled to a photomultiplier and the other sides were coated with a diffuse reflector. From the peak and the half width at half maximum of the pulse height distribution and taking the quantum efficiency of the photocathode and gain of the photomultiplier into consideration, the absolute photon yield of the APLF80+ 3Pr, APLF80+ 3Ce, and the GS2 were estimated to be 110Ϯ 50 photons, 570Ϯ 83 photons, and 4400Ϯ 650 photons per thermal neutron, respectively. These results are summarized in Table II . Note that absorption was not considered in this estimation. It can easily be deduced that Ce-doping improved the light output of the APLF sample by at least five times. Additionally, no significant quenching was observed in the APLF80+ 3Ce sample. While quenching is considered to be the cause of the observed faster decay for APLF80+ 3Pr in high energy density excitation, this quenching effect significantly decreased its photon output. A similar phenomenon has been reported that increasing temperature from 80 to 450 K of the Pr-doped Lu 2 SiO 2 ͑LSO͒ or Y 2 SiO 2 ͑YSO͒ crystal scintillator decreases photoluminescence decay time from 20 to 6 ns, and decreases 5d-4f emission intensity into 1/10. 15, 16 And aside from the fact that Ce has an emission line only in 5d-4f transition 17, 18 in contrast to Pr has several transition lines which could explain the higher quantum efficiency for the APLF80+ 3Ce sample, the actual mechanism for quenching to explain the observed differences in the decay profiles are still under investigation In summary, the properties of an APLF80+ 3Ce scintillator were presented. Its sufficiently low afterglow decay profile and improved light output were experimentally demonstrated. Moreover, no quenching was observed; in contrast to the APLF+ 3Pr scintillator. This material will be a very promising scintillator for down-scattered neutron imaging diagnostics in the world largest ICF facilities such as NIF or LMJ. Moreover, this material's decay profile having low afterglow makes it very attractive for real time neutron tomography applications. 
